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ABsTRACT: Magnetic susceptibility is measured on powdered specimens of about 1100 volcanic rocks and
600 related plutonic rocks of the titled area. The results show systematic variation in magnetic susceptibility
with age, geographic location of the rocks, and geologic units. When volcanic and plutonic rocks of the same
cycle of activity are compared, their magnetic susceptibility resemble each other. The most prominent
temporal change in magnetic susceptibility of igneous rocks occurred between Cretaceous and Paleogene.
Cretaceous igneous rocks comprise both the magnetite-series (magnetic susceptibility, higher than 50 x
10~ emu/g) and ilmenite-series (lower than 50 x 10~¢ emu/g), the latter is predominant in volume, while
the Paleogene and Neogene igneous activities are characterized by the rocks of only magnetite-series. As
for the geographic distribution, the ilmenite-series rocks are developed throughout the studied area, whereas
the magnetite-series rocks are restricted to the Sea of Japan side, overlapping over the area of the older
ilmenite-series rocks.

The two series of igneous rocks are considered to have resulted from the different oxygen fugacities during
evolution of the magma. The oxygen fugacity must have been controlled directly or indirectly by many
factors such as differences in source material, the effect of buffering agents such as water and crustal carbon,
mode of magma emplacement and tectonic setting. Based on the comparison of the tectonic history of this
area and the measured magnetic susceptibility, it is argued that the conspicuous temporal change in magnetic
susceptibility between the Cretaceous and Paleogene along the Sea of Japan was probably due to the temporal
change in tectonic environment related to the formation of the Sea of Japan. It is also suggested that the
classification of igneous rocks based on the magnetic susceptibility provides essential information in con-
sidering tectonic environment, for it is known that igneous rocks of the two series exhibit systematic distri-
butions in time and space in the circum-Pacific regions.
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I. INTRODUCTION

Cretaceous to Neogene plutonic rocks in Japan have been examined from various
points of view, such as isotope age, whole-rock and constituent mineral chemistry, stable
isotopes, magnetic susceptibility, and related ore deposits (e.g., KaTapa et al,, 1971;
IsHIHARA, 1971; Murakami, 1974). These studies have revealed distinct zonal distribu-
tions of the plutonic rocks in many respects, not only in Northeast Japan but in Southwest
Japan.

Recently, Isammara (1975, 1977, 1979b, 1981) proposed a new scheme of classification
for granitoids based on the type of the opaque mineral assemblage; that is, he distin-
guished magnetite-series and ilmenite-series granitoids. The magnetite-series granitoids
are characterized by the presence of magnetite, ilmenite, hematite and pyrite, while the
ilmenite-series granitoids are practically free from opaque oxide minerals although they
contain a small amount of ilmenite and locally pyrrhotite. These two series can be
distinguished simply by measuring their magnetic susceptibility X, since the magnetite-
series and ilmenite-series rocks commonly exhibit ¥ values higher and lower than 50 X
10-6 emu/g, respectively (IsHIHARA, 1979b).

IsaraArA (1979b) recognized an empirical relationship, ¥=0.001 V, between magnetic
susceptibility X in emu/g and volume percent of magnetite V. In general, magnetite
content decreases from quartz diorite or andesite to granite or rhyolite. Kanava and
IsuraARA (1973) and Isuinara (1979b) revealed that magnetic susceptibility (or magnetite
content) of the granitoids in the Inner zone of Southwest Japan increases gradually
toward the Sea of Japan (hereinafter called the Japan Sea). IsHiHARA (1979b) regarded
this variation as a fundamental pattern of an island arc magmatism related to major sub-
duction and accompanying back arc spreading.

Those plutonic rocks are closely associated with the intermediate to felsic volcanic
rocks, constituting typical volcano-plutonic association. The whole-rock chemistry and
silicate mineralogy of these volcanic rocks have been studied recently by Imaoka and
Murakami (1979) and Murakamt and IMaoka (1980). In the course of these studies,
it was recognized that different volcanic formations show somewhat different assemblage
and chemistry of opaque minerals (IMAOKA et al., 1982). Thus, we felt that the magnetic
susceptibility might have changed considerably with time even for volcanic and plutonic
rocks of the same area. This was the direct motivation of this study. Based on about
1100 measurements on volcanic rocks and about 600 measurements on plutonic rocks,
this paper describes not only temporal variations of the magnetic susceptibility but also
its spatial variations for the igneous rocks and discusses possible causes for the variations.

Acknowledgements: We wish to express our sincere gratitude to Prof. N. MURAKAMI
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us with some samples. We indebted greatly to Associate Prof. H. YosuipA and As-
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gestions. Thanks are also due to Prof. G. SHiBuyaA of Yamaguchi University for generous
permissions to use his laboratory facilities for measurement of the magnetic susceptibility
and for valuable suggestions and to Dr. IsuiHarA of Geological Survey of Japan for
valuable suggestions and critical reading of the original manuscript. ~We are also indebted
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to Drs. M. Suzukr and T. SHiMamoTO for their encouraging discussions on this subject
and also for critical reading of the manuscript. We wish to thank to Mr. Y. Sawapa of
Kyoto University who provided us of some samples and allow us to use his unpublished
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Prof. S. Itrzumi, Shimane University; Mr. T. Matsupa, Himeji Technical College;
Dr. T. Seo, Hiroshima University; Dr. T. NakajmMa, Geological Survey of Japan;
Mr. H. Hara, Oy6 Corporation.

II. GeovrocicaL OUTLINE

The Inner zone of Southwest Japan is characterized by an enormous distribution of
late Mesozoic to Neogene igneous rocks showing a typical volcano-plutonic association.
The igneous activity of this zone was summarized by Icmikawa et al. (1969) and
Murakami, (1974). Available data to date indicate that the volcanism and plutonism of
the studied area can be divided into nine and seven stages, respectively, on the basis of
stratigraphy, lithology, radiometric dating and fossil data (Table 1). Note that there
are several cycles of volcanism and plutonism.

The Mesozoic igneous activity is widespread throughout the Chugoku province, but the
Tertiary activity is restricted to the San-in zone (northern part along the Japan Sea). In
the western and central Chugoku, the volcanism began with andesite eruption and changed
into the eruption of dacite-rhyolite ignimbrite in the main stages. The volcanism is
generally associated with plutonism although the plutonic rocks are often more felsic
than the volcanic rocks.

In the central San-in area, rhyolite-dacite eruption is predominant in the early stage
and andesite eruption occurred in the later stages. Some shallow intrusives of fine-
grained, granophyric facies are the associates of these volcanic rocks. Tertiary igneous
activity of this district is characterized by the cauldron subsidence forming several vol-
cano-plutonic complexes (e.g., MURAKAMI, 1973; Sawapa, 1978a, b).

I1I. EXPERIMENTAL PROCEDURES

Magnetic susceptibility is measured on powdered specimens (less than 0.15 mm) of the
late Cretaceous to Neogene igneous rocks in the central and western Chugoku province,
Southwest Japan (Tables 2 and 3). In collecting samples, special attention is paid to:
1) no signs of weathering and alteration, 2) representatives of each of the stratigraphic
units, 3) uniform sampling to avoid an overestimate of the data from small exposures.
The samples are crushed with stainless-steel bowl or stump mill. The magnetic measure-
ments are all conducted by using a magnetic balance with an automatic recording system,
MB-2 Type, at the Faculty of Science, Yamaguchi University in collaboration with Prof.
G. SuiBuva. Mohr salt ((NH,),Fe(SO,);6H;O) is used as a standard, and the tem-
perature dependence of magnetic susceptibility of this salt is corrected by using the
following equation;

290.4

973.16+T < 107°

1=32.0x
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where X is magnetic susceptibility in c.g.s. emu/g and T is temperature in degree Centi-
The measurements are performed in the magnetic field of 2000-14000 Oe.

grade.

TaBLE I. CORRELATION AND Major ConsTITUENT Rock TyYPE OF THE CRETACEOUS To NEOGENE
Ieneous Rocks IN THE CENTRAL AND WESTERN CHUGOKU PROVINCE, SOUTHWEST JAPAN.
Central San‘in
Stage| Western Chugoku Central Chugoku -
Oda-Kawamoto area | Southern Izumo City
Iwami Grvw(mu-c S.g. )' hyolt
alt agio: te,
Onort F. andesite Tava & pyroclastic |  ™Cnaduitoe b pyroctastic rd
rocks dacite lava & pyroclastic r.
® Kuri F. mudstone, acidic tuff Kur{ F. mudstone, acidic tuff
V-9 Kawai F. sandstone, conglomerat Kawai F. conglomerate, sandstone,
c Hata F. andesite lava & pyroclastic volcanic conglomerate
rocks, dacite-rhyolite lava & Oro F. andesite-dacite lava &
pyroclastic rocks pyroclastic r., conglomerate,
L4 sandstone, plagio-rhyolite
o Yoshids, South Iimni. :m
P-7 [Mindani, Nodayama comp!
o gabh ct:-gubbm. aiaruo.
| aranodiorite-granophyre
® = [1wami Group(Hata 5.g.)
‘ Anami F. andesite lava &
2z N pyroclastic r., rhyolite
v-8 o lava & pyroclastic r.
>| Irima F. andesite lava &
pyroclastic r., dacite
pyroclastic r., rhyolite
Tava
- Tutonic rock:
“":9"' t‘zynesg utontc rocks Tamagawa-type plutonic rocks
P-6 | 5| «o 5| sostkt diorite
@ i gnnodior'n. granite ‘i Kawamoto granodiorite
G | Tamagawa Group o
c a plagio-rhyolite, dacite- % | xawauchi Group
V-7 1= rhyolite pyroclastic rocks dacite-rhyodacite pyroclastic
[ 7 andesite lava & pyroclastic rocks, andesite lavi
rocks
o Tadokoro granite(38***) 1zimi granite Younger granite,lzumo
o P-5 Sakugi plutonic rocks
H qtz-diorite,granodiorite,
° —Q granite
S | sakugt volcanic rocks Hakami Group
- V-6 a plagio-rhyolite, dacite Takayama Group dacite-rhyo! pyroclastic rocks
> pyroclastic r., andesite andesite |lVl & pyroclastic rocks andesite pyroclastic rocks
o Tava & pyroclastic r. dacite-rhyolite pyroclastic rocks basalt lava
- Onbara granite(64+++)
al| P-4 Uogiridani granodforite Older granites,lzumo
Oyorogi-yama Gi
V-5 Sakurae Group mm rﬁyo!iu pyroclastic rocks
dacite-rhyolite pyroclastic rocks | og, 50 o Tava & pyroclastic rocks
Hiroshima granite(batholith)(80-90%++)
- granite, granodforite 1
P=3 | hoban-zan pluton(zoned pluton) (919+,1025%) Takahata granite
granite, granodiorite
Abu Group (B2**%,112++)
Efune F. dacite-rhyolite pyro-
clastic rocks
Fukuga F. andesite m.. rhyolite Ouchi Gro
V-4 pyroclastic rock: rnm.cue-rmme pyrociastic
Maitani F. rhycdlcite rhyolite
pyroclastic rock
Shinome F. mm-rhyouu pyro-
Slastic rocks Takada Rhyolite
w Hikimi Group r:yo“te-‘acite pyroclastic rocks
Upper rhyolite F. rhyolite Tava
3 Lucustrine smnncs
v-3 Lower rhyolite F
o - Upper dacite F.
Middle dacite F.
© Lower dacite F.
Lowermost rhyolite F.
v Niho-dainoki plutonic rocks
o| P-2 Kibe plutonfc rocks(94++]
granite, qtz-monzodiorite
- P qtz-monzogabbro
% | Shunan Group
[ s da:iu-rbyodl:ﬂe pyro- Kisa Gro
rocks sa
| v-2 12 1. dacite-rhyonu pyro- u:m rhyolite pyroclastic rocks
clastic andesite lava & pyroclastic rocks
I.andesite 1m s pyro-
(8] clastic rocks
P-1 | Tzuruba plutontc rocks(s9+)
granodiorite, plagiophyre
Kanmon Group(Shimonoseki S.g.) (101%)
Fukue F. basaltic andesite lava
& pyroclastic rocks
Sujigahama F. dacite-rhyolite
V-1 pyrocl.suc rocks, sandstone,
m.mosnm F. andesite lava
& pyroclastic rocks
Shiohama F. volcanic conglo-
merate, sandstone, shale
Strati, upm data m-u Hase(1958), Higashimoto(1975), [1zumi & Sawada(1980), Matsuda & Oda( 1982 ), Ministry of International Trade and Industry
115700, arakamt (1973); Murakani 3 Hase(1967), Murakani & Matsusato(1970), Research Group for the San'In Late Hesorofc Igneous Activity(1979),

Slu (I978| b), T.|(|973). Yoshida(1961

( ): radiometric age data

Ueda & lhhlmn(lnz) umzm(lsez)

* : Fission track age, **:
V-P complex: volcano-plutonic complex,

Rb-Sr whole
$.9.:

rock age,
Subgroup.

#44: K-Ar mineral age.

).
-om Kawano & Ueda(1966), Seki(1978), Shibata & Ishihara(1974, 1979a), Shibata & Kamitani(1974),
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Specimens of 200-500 mg in weight are used. The results are all expressed in X (X 106
emu/g).

IV. MAGNETIC SUSCEPTIBILITY

A. MacNETIC SUSCEPTIBILITY OF IGNEOUS Rocks AT EAcH AREA

This chapter describes results from susceptibility measurement for volcanic rocks of
nine stages and for plutonic rocks of seven stages at their type localities (see Fig. 1). The
results will be compiled later to delineate temporal and spatial variations of the magnetic
susceptibility in the titled area. The stages are numbered in the younging order with
V and P designating volcanic and plutonic rocks, respectively.

1. Stage V-1 .

The volcanism of this stage is represented by the volcanic rocks of the Shimonoseki
Subgroup which corresponds to the upper half of the lower Cretaceous Kanmon Group
distributed broadly from northern Kyushu to western Chugoku. This subgroup is divided
into four formations in the ascending order; that is, Shiohama, Kitahikoshima,
Sujigahama and Fukue Formations (Fig. 2; Hasg, 1958). They are composed mainly
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Fic. 1. Distribution of late Mesozoic to Neogene volcanic rocks and related plutonic rocks. Rec-
tangular areas are examined in detail in this paper: numbers correspond to the figure

numbers below.
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of basaltic andesite, andesite lava and pyroclastic rocks, and a small amount of rhyolitic
pyroclastic rocks. Fig. 2 shows magnetic susceptibility of the volcanic rocks of this stage

TABLE 2. MAGNETIC SUSCEPTIBILITY OF THE LATE MEgsozoic To NEoGENE VoLrcanic Rocks
IN THE CHUGOKU PROVINCE, SHOWN BY NUMBER OF THE MEASUREMENT.

Magnetic susceptibility ( x lo'semu/g )

Stage Volcanic unit Rock type | .59 50-100  100-500 500 and more
V-8,9 | Iwami Group Rn-Dac 7 7 10 !
And 0 3 25 13
v-7 Tamagawa Group Rn-Dac 34 % 32 !
And 7 7 44 59
Sakugi volcanic rocks Rh-Dac 3 0 0 0
And 0 1 5 8
V-6 Takayama Group Rh 0 ! 0 0
And 1 3 3 1
Hakami Group Rh-Dac 4 0 3 3
And 1 1 4 4
Sakurae Group Rh-Dac 5 2 6 1
v-5 Oyorogi-yama Group Rh-Dac 3 4 4 0
And 0 0 2 4
Ouchi Group Rh 16 3 2 0
vea Abu Group Rh-Dac 19 4 7 0
And 5 0 0 5
Takada Rhyolite Rh-Dac 24 3 36 1
And 6 0 0 0
V-3 Hikimi Group Rh-Dac 82 3 1 0
Kisa Group Rh-Dac 12 2 0
V-2 And 68 13 6 2
Shunan Group Rh-Dac 33 ! 2
And 15 13 12 5
v-1 Kanmon Group Rh 4 0 0
And 12 4 5 15

TaBLE 3. MAGNETIC SUSCEPTIBILITY OF THE LATE MEsozoic To NEOGENE PLuTonic Rocks
IN THE CHUGOKU PROVINCE, SHOWN BY NUMBER OF THE MEASUREMENT.

Magnetic susceptibility ( x 10'6emu/g )

Stage Plutonic unit Rock type | .59 50-100  100-500 500 and more
pP-7 Yoshida complex Gr-Gd 0 0 ! 1
Qd-Gb 0 0 4 12
Tamagawa-type Gr-Gd 13 n 106 21
plutonic rocks Qd-Gb 0 0 4 29
P-6 Tadokoro granite Gr 1 4 9 6
Izimi granite Gr 7 4 4 3
Younger granites, Izumo Gr 0 1 6 0
P-5 Sakugi plutonic rocks Gr-Gd 2 2 3 4
Qd 0 0 1 4
Onbara granite Gr 1 9 1 1
P-4 Uogiridani granodiorite Gd 0 2 6 4
Older granites, Izumo 6r 4 10 9 1
Qd 0 0 1 0
Takahata granite Gr 1 6 6 0
P-3 Hiroshima granite Gr-Gd 121 7 8 0
Hoben-zan pluton Gr-Gd 28 13 9 0
Niho-dainoki plutonic rocks Gr-Qd 0 1 2 5
p-2 Kibe plutonic rocks Gr 10 2 5 0
Gb 6 4 7 3
P-1 Yuzuriha plutonic rocks Gd 18 1 0 0
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Fic. 2. Variation of magnetic susceptibility (Xx 10-¢ emu/g) of the stage V-1 volcanic
rocks (Kanmon Group) and stage P-3 plutonic rocks at the Kanmon district,
Yamaguchi Prefecture. Geologic map is simplified from YamAGuUCHI PrEFEC-

TURE (1968).

at Kanmon district. z-values of andesitic rocks are high (x=(250-1300) x 10-6 emu/g),

" and thus the rocks belong to the magnetite-series regardless of their stratigraphic horizons.
On the other hand, two samples of garnet-bearing rhyolite tuff have z-values lower than
50 x 10-6 emu/g, and they belong to the ilmenite-series (Table 2).
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2. Stages V-2, P-1 and P-2

The Shunan Group in the western Chugoku and the Kisa Group in the central
Chugoku, volcanic rocks of this stage, are sporadically distributed, but there is no
systematic spatial variation of magnetic susceptibility in the volcanic rocks of this stage.

Fig. 3 shows the magnetic susceptibility of the Kibe mass in the Shunan Group. The
succession of the volcanic rocks of this mass is considered to have been in the following
order: andesite lava and pyroclastic rocks, dacite-rhyolite pyroclastic rocks, dacite-
rhyodacite pyroclastic rocks, and associated plutonic rocks (Table 1; Murakamr and
MartsusaTo, 1970). These volcanic rocks exhibit magnetic susceptibility of considerable
variation, i.e., (10-400) X 10-6 emu/g, and hence rocks of the ilmenite-series and magnetite-
series coexist here.

Mine

a

Granite (Stage P-3)

Qtz-gabbro ~ Granite (Stage P-2)

Intrusive breccia
Welded tuff
V77 snyoite witt (S'S“":::f_";;“’
100-500 B © ¢ [T andesite
- Granodiorite | Yuzuriha plutonics
500 O ¢ A BERR Sicnonone (Stage Pt)

Fi6. 3. Variation of magnetic susceptibility (X x 10~¢ emu/g) of the stage V-2 volcanic rocks (Shunan
Group) and stages P-1, P-2, and P-3 plutonic rocks at Kibe district, Yamaguchi Prefecture.
Geologic map is simplified from YamacucH1 PReFecTURE (1968) and Seo (1976).

The plutonic rocks of this area have been divided into three stages, P-1, P-2 and P-3,
on the basis of their field occurrence and petrographic characters (Fig. 3; Murakami,
1960; Seo, 1976). The P-1 plutonic rocks (Yuzuruha plutonic rocks consisting of grano-
diorite and plagiophyre) intruded into the Kanmon Group and are covered by the Shunan
Group. The magnetic susceptibility of the P-1 rocks is below 50 10-6 emu/g. The
P-2 plutonic rocks composed of quartz gabbro to granite are associated closely with the
Shunan Group. They have a wide range of magnetic susceptibility, i.e., (1-2000) x
10-6 emu/g.

Numerous measurements have revealed no significant difference in the ratio of
ilmenite-series/(ilmenite-series + magnetite-series) between V-2 volcanic rocks (Shunan
Group) and P-2 plutonic rocks, the ratio being 0.5 and 0.45 for the former and the latters,
respectively.
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3. Stage V-3

Volcanism of this stage is represented by the Hikimi Group which consists mainly of
rhyolitic to dacitic pyroclastic rocks. This group is divided into the following seven for-
mations in the ascending order; Lowermost rthyolite, Lower dacite, Middle dacite,
Upper dacite, Lower rhyolite, Lucustrine sedimentary rocks, and Upper rhyolite For-
mations (Table 1).

Rocks of this stage have x-values generally less than 30 x 10-6 emu/g regardless of their
stratigraphic horizons (Fig. 4), indicating that they are virtually free from magnetite.
Indeed, microscopic observation has not revealed any magnetite in these rocks (IMAOKA
et al,, 1982). The V-3 volcanic rocks thus belong to the typical ilmenite-series. A
similar feature is recognized also in the associated hornblende-biotite granite porphyry
and granites (Fig. 4), and hence they also belong to the ilmenite-series.

MAGNETIC SUSCEPTIBILITY

x Rh-Dac Gr-Gp
0 - 50 o A
50 - 100 . A

[ Granite (Stage P-3)

B2 Granite porphyry

= Upper rhyolite F.

77 Lucustrine sediments

Lower rhyolite F. Hikimi Group
Upper dacite F. (Stage V-3 )
Middle dacite F.

E=3 Lower dacite F.

([T Lowermost rhyolite F.

—] L NICHIHARA

Fic. 4. Variation of magnetic susceptibility (X X 10~%emu/g) of the stage V-3 volcanic rocks (Hikimi
Group) and stage P-3 plutonic rocks at Hikimi district, Shimane Prefecture. Geologic
map is simplified from MINISTRY OF INTERNATIONAL TRADE AND INDUSTRY (1970).

4. Stages V-4 and P-3
Volcanic rocks of this stage, distributed widely from the San-yo to the San-in

9
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districts, are named Abu Group, which can be divided into the Shinome, Maitani,
and Efune Formations in the ascending order (Table 1, Fig. 5). The Fukuga Forma-
tion is correlated to the Shinome and Maitani Formations (Murakamr and Hask, 1967).
The constituent rocks of the Abu Group predominate in rhyolite, although they are
accompanied by a small amount of andesite and dacite.

Magnetic susceptibility of the rhyolitic rocks is generally low and about 80 percents of
measured samples give magnetite-free values. No notable difference in X-value is rec-
ognized among the four formations (Fig.5). Anormalously high x-values of some
rhyolite samples are apparently due to the formation of minute magnetite grains during
opacitization. Andesitic rocks in this group contain rocks of both magnetite-series and
ilmenite-series.

MAGNETIC SUSCEPTIBILITY

x Rh Qd Qp-Gr-Gd
0 -50 o [ a
50 - 100 L] * A
w-50 @ ¢ A
@ Quartz porphyry

Geanite, Granodiorite, | Stoge P-3
& Quartz diorite

V] FukgaF.

K Etune F. | abu Group
=3 Maitani F. (Stagev-4)
mm]l Shinome F.

- Niho-dainoki_Plutonics
(Gr.Gd, & Qd)(Stage P-2)

Fic. 5. Variation of magnetic susceptibility (X x 10-%emu/g) of the stage V—4 volcanic rocks (Abu
Group) and stages P-2 and P-3 plutonic rocks at north of Yamaguchi Prefecture. Geologic
map is simplified from YamMacuchr PREFECTURE (1968).

10
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The V-3 and V-4 volcanic rocks in the central Chugoku are represented by the Takada
rhyolites (Table 1), whose petrographic characters bear many resemblances to those of the
Hikimi and Abu Groups. The Takada rhyolites have X-values lower than 50 x 10-6
emu/g except for a few samples (Fig. 6). A part of the Takada rhyolites in the southern
area of the central Shimane Prefecture is named Ouchi Group (REsEARCH GROUP FOR
THE SAN-IN LATE Mgsozoic IeNeous Activity, hereafter abbreviated as RGSLMIA,
1979). This group is composed mainly of rhyolitic pyroclastic rocks and about 65
percents of measured samples belong to the ilmenite-series (Table 2, Fig. 7).

)

NN

I MaGNETIC SuscePTBILITY
% And Rh Gr [ Hiroshima granite(Stage P-3)

;51 0-50 o o a Y Takada rhyolite (Stage V-34)

50-100 = o a V Kisa andesite (Stage V-2)
100-500 B @ A 22

Fic. 6. Variation of magnetic susceptibility (XX 10~¢ emu/g) of the stages V-3 and V-4 volcanic
rocks (Takada rhyolite) and stage P-3 plutonic rocks (Hiroshima granite). Geologic
map is simplified from HirosHiMa PREFECTURE (1963).

The P-3 plutonic rocks occur either as zoned plutons or as batholiths. The Hoben-zan
granites, a typical example of the zoned plutons, have x-values of (5-200) X 10-6 emu/g,
hence they comprise of both magnetite-series and ilmenite-series (Fig. 5). There is a
notable spatial variation in the magnetic susceptibility of batholithic granites of this stage.
Granitoids of the southern parts of batholith (represented by the Hiroshima granites,
Fig. 6) and similar granites of the Mt. Kuruson area (Fig. 5) have low magnetic sus-
ceptibility, whereas those of northern parts of batholiths such as granitoids of the southern
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area of Oasa, Hiroshima Prefecture (see Fig. 4.11 of IsHiHARA, 1980) and the Takahata
granite (RGSLMIA, 1979; MaTsupa et al., 1981) have X-values higher than 50 x 10-6
emu/g (Table 3, Fig. 7). Thus the batholithic granites become more magnetic toward
the Japan Sea.

5. Stages V-5 and P4

The V-5 volcanic rocks are represented by the Sakurae Group (MATsupa and Oba,
1982), and by the Oyorogi-yama Group (Iizumi and Sawapa, 1980). The former com-
prises dacitic to rhyolitic pyroclastic rocks, and the latter consists of andesitic to rhyolitic
pyroclastic rocks and lava (Table 1). About 70 percents of measured rhyolitic and
dacitic volcanic rocks and all of the andesites of this stage belong to the magnetite-series.

The P—4 plutonic rocks, which Murakamr (1974) called the Imbi plutonic rocks, are
composed of the Onbara granite (RGSLMIA, 1979; Fig. 7), Uogiri-dani granodiorite
(RGSLMIA, 1979; Fig. 7), and the Older granites (Sawapa, 1978a; Fig. 9). Most of
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the measured plutonic rocks (80-959,) show high magnetic susceptibility and belong to
the magnetite-series (Fig. 7).

6. Stages V-6 and P-5

The volcanism of this stage is represented by the Paleogene Sakugi volcanic rocks,
Takayama Group (RGSLMIA, 1979) and the Hakami Group (Sawapa, 1978a) in the
central San-in. They are composed mainly of andesitic to rhyolitic pyroclastic rocks
and lava and have a high magnetic susceptibility (Table 2, Figs. 7 and 9).

The P-5 plutonic rocks are composed of the Tadokoro granite (Hicasummoro, 1975),
Izimi granite (RGSLMIA, 1979; Fig. 7), the Younger granites (SAwapa, 1978a, Fig. 9),
and the Sakugi plutonic rocks. They also show high magnetic susceptibility and all
belong to the magnetite-series.

7. Stages V-7 and P-6

The Paleogene Tamagawa Group and its correlatable formations are distributed in the
western San-in district. The volcanic rocks of this stage are intimately associated with
gabbroic to granitic rocks of stage P—6, forming a volcano-plutonic complex associated
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with cauldron subsidence. Those complexes are distributed in a linear arrangement
roughly parallel to the coast line of the Japan Sea, spaced at about 20 km interval (IMAoka
and Murakami, 1979). They are named Tamagawa (Murakawmi, 1973), Masuba
(Masupa ResearcH Group, 1982), Hamada (IMaoka, 1978MS), Haza (MurAakAMI et al.,
1982), Sakurae (NAKAMURA, 1979), and KawaucH! (MaTsupa and Opa, 1982) cauldrons
from west to east (Fig. 15). The volcanic rocks in these cauldrons consist of basaltic
andesites to rhyolites mostly with high 2-values. Ninety percents of andesitic rocks and
70 percents of rhyolitic rocks belong to the magnetite-series.

The Tamagawa-type plutonic rocks, associated plutonic rocks of the complexes, also
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exhibit high magnetic susceptibility, (100-4000) X 10-¢ emu/g, in consistent with the
microscopic observation that they contain magnetite of 0.1-4 9, in volume (IMAOKA et al.,
1979). Plutonic rocks of this stage have higher X-value than the Imbi plutonic rocks of
the previous stage (Figs. 14a and 14b).

As a representative complex of this stage, the Masuda complex has been investigated
recently in detail. This complex is composed of two isolated cauldrons which are
intruded by the Okami plutonic rocks (NURrek1, 1957) and by small stocks of granite to
quartz diorite. The volcanic and plutonic rocks in these cauldrons have x-values mostly
larger than 50 x 10-6 emu/g and hence they belong to the magnetite-series (Fig. 8).
There is no clear difference in X-value among formations.

8. Stages V-8, V-9 and P-7

The volcanic formation of this stage is known as the Iwami Group (so-called Green
Tuff volcanism) distributed to the north of the Paleogene basin (Fig. 13). Volcanic rocks
exposed from Izumo to Hamada are all strongly magnetic and belong to the magnetite-
series.

As a representative area, the variation of magnetic susceptibility of the Izumo basin,
recently described in detail by Sawapa (1978a, 1978b), is shown in Fig. 9. The Iwami
Group consists of the Hata and Hikawa Subgroups (Table 1). The Hata Subgroup
occurs in volcano-tectonic depression (Kakeya cauldron) and constitutes the main
volcano-plutonic complex of this stage. The constituent volcanic rocks have a wide
range of composition from basaltic andesite to rhyolite. Eighty percents of rhyolitic
to dacitic rocks and all of the andesitic volcanic rocks have the X-values larger than
50 x 10-¢ emu/g.

A similar result is obtained also for the P-7 plutonic rocks consisting of gabbro, quartz
diorite and granodiorite. They are closely associated with the Kakeya cauldron and are
all strongly magnetic with the X-values of (150-3000) x 10-6 emu/g (Table 3, Fig. 9).

B. MagcNETIC SuscePTIBILITY AND CHEMICAL ComposITION OF Rocks

Measured magnetic susceptibility of volcanic and plutonic rocks ranges from 0 to
1x10-3 emu/g. Itis now well established that the magnetic properties of rocks are
principally attributable to those of the ferromagnetic minerals contained in the rocks,
such as iron-titanium oxides and iron-sulfides. Relationships between the suscepti-
bility and the volume percent of magnetite in the rock are proposed by MooNEY and
Brerrues (1953), BaLsLey and BuppingToN (1964), Sauck (1972) and Ismmara (1979b).
Isumara (1979b) proposed a simple relation, x=0.001 V, where X is magnetic sus-
ceptibility and V is volume percent of magnetite. These empirical relationships were
established for plutonic rocks. Ore-microscopic observations of our volcanic rocks
suggest that magnetic susceptibility of the volcanic rocks is also related to the content
of magnetite.

The relationship between magnetic susceptibility and SiO, content (wt.%,) of the
volcanic rocks is represented in Fig. 10. The boundary line dividing magnetite-series
and ilmenite-series fields is drawn following the definition by IsHrHARA (1979Db).
Measured magnetic susceptibility of the volcanic rocks range from 0 to 6000 X 10-6 emu/g.
The rocks of each stage exhibit characteristic distribution in the diagram. The typical
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magnetite-series volcanic rocks (55-75%, SiO,;) of the Tamagawa (stage V-7) and
Iwami (stage V-8, 9) Groups have values 100 to 6000 x 10-¢ emu/g, while the typical
ilmenite-series volcanic rocks (65-759%, SiO;) of the Hikimi Group (stage V-3) have
values below 50 10-6 emu/g. Magnetic susceptibility of the magnetite-series volcanic
rocks slightly decreases as the silica content increases, possibly due to the gradual
decrease of magnetite content. Magnetites in the volcanic rocks of the Kanmon (stage
V-1) and Tamagawa (stage V-7) were more or less martitized (IMAOKA et al., 1982).
Therefore, the modal amount of magnetite estimated from the magnetic susceptibility
of rock should be regarded as the possible minimum value of the conceivable original
mode. Magnetic susceptibility of the volcanic rocks of the Hikimi Group (stage V-3)
also slightly decreases as the silica content increases. The volcanic rocks of the Shunan
Group (stage V-2) have magnetic susceptibility ((10-400) X 10-6 emu/g) that is assigned
to both the ilmenite-series and the magnetite-series.

Fig. 11 illustrates the relationship between the magnetic susceptibility and SiO, wt.
percent of plutonic rocks. Magnetic susceptibility of the typical magnetite-series plutonic
rocks of stages P-6 and P-7 is higher than 100 x 10-6 emu/g, and the value gradually
decreases as the silica content increases. As stated by Kanava and Isuinara (1973),
typical ilmenite-series plutonic rocks in the Ryoke and San-yo zones have the value below
50 10-6 emu/g. Similarly to the case of the ilmenite-series volcanic rocks, magnetic
susceptibility of ilmenite-series plutonic rocks of the Ryoke zone slightly decreases as the
silica content increases, although not clear below 609, SiO,. From these data, the most
prominent difference in magnetic susceptibility is observed between Cretaceous and
Tertiary in comparison with same basicity (SiO;=65-75%,) of rocks.
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V. TEMPORAL AND SPATIAL VARIATIONS OF MAGNETIC SUSCEPTIBILITY

A. TEMPORAL VARIATION

Magnetic susceptibility of Cretaceous to Neogene igneous rocks has been described at
their type localities in the preceding chapter. These results will now be summarized
with special reference to the temporal change in the magnetic susceptibility (Fig. 12).

The late Mesozoic volcanism of the titled area was initiated by the extrusion of the
magnetite-series andesites of the Kanmon Group, and succeeded by the intrusion of the
stage P-1 plutonic rocks of the ilmenite-series. Subsequent V-2 volcanism and associated
P-2 plutonism comprise of both magnetite-series and ilmenite-series. Voluminous
amounts of the felsic volcanic rocks of stages V-3 and V-4, and batholithic granites of
stage P-3 are mostly of the ilmenite-series, although some granites of this stage in the
San-in zone definitely belong to the magnetite-series. The volcanic rocks of stage V-3
and V-4 are correlated to the Nohi rhyolite in Central Japan which as well as other felsic
volcanic rocks there belong to the ilmenite-series (HaARAYAMA, 1979). These results
strongly suggest that the enormous-scale felsic volcanism of the Cretaceous age in Japan
are characterized by the ilmenite-series.

On the other hand, the Paleogene to Neogene volcanic rocks (stages V-5~V-9) and
their associated plutonic rocks (stages P-4~P-7) have high magnetic susceptibility
regardless of their rock types. Hence, the most prominent temporal change in magnetic
susceptibility of volcanic rocks occurred between Cretaceous and Paleogene.

There is a marked similarity in magnetic susceptibility between volcanic rocks and
their associated plutonic rocks; that is, stage V-2 volcanics and stage P-2 plutonics, stages
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VOLCANIC ROCKS
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Fic. 12. Relative abundances of late Mesozoic to Neogene volcanic rocks and plutonic

rocks on the basis of their magnetic susceptibility.

V-3 and V-4 volcanics and stage P-3 plutonics, stage V-5 volcanics and stage P-4
plutonics, stage V-6 volcanics and stage P-5 plutonics, stage V-7 volcanics and stage
P-6 plutonics, stage V-8 volcanics and stage P-7 plutonics. The plutonic rocks have
slightly higher ratio of the magnetite-series rocks to those belonging to the ilmenite-series
than do the volcanic rocks.

B. SpATIAL VARIATION

One of the most notable features about the spatial variation of magnetic susceptibility
is its asymmetrical distribution; that is, less magnetic igneous rocks distribute all over the
studied area, but the distribution of highly magnetic igneous rocks is restricted to the side
of the Japan Sea (Fig. 13). The asymmetrical distribution was first recognized by Kanava
and IsHiaara (1973) for plutonic rocks and by Isuraara (1979a) for volcanic rocks.

Magnetic susceptibility of both volcanic and plutonic rocks is plotted against their
distances from the Median Tectonic Line in Figs. 14a, 14b and 14c, designated by their
stage of activity, geologic age, and rock types. The volcanic and plutonic rocks of the
titled area exhibit a crude zonal distribution of magnetic susceptibility and tentatively
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are divided northwestward into three zones; I (low magnetic), II (intermediate magnetic),
and IIT (strongly magnetic).
zones II and III lie approximately 90 km and 110 km apart from the Median Tectonic

Line, respectively.

The boundaries between zones I and II and between
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Zone I consists mainly of V-3 and V—4 rhyolite-dacite ignimbrite and of P-3 batholithic
granite of the ilmenite-series (Fig. 14a). Zone II is characterized by the occurrence of
the same constituent rocks of zone I and the V-2 and P-2 igneous rocks that form zoned
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plutons or cauldrons (Fig. 14a). Igneous rocks of this zone show broader compositional
variation and basic rocks are more abundant than in zone I (Fig. 14c). They also show
a wide range of magnetic susceptibility even within the same rock type and cover both
magnetite-series and ilmenite-series. A common feature of zones I and II is that their
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constituent rocks are all of Cretaceous age and that the ilmenite-series igneous rocks are
more predominant than the magentite-series ones (Fig. 14b).

The Zone III predominates in Tertiary volcanic and plutonic rocks (stages V-5~
V-9 and P-5~P-7) of the magnetite-series, although Cretaceous volcanic and plutonic
rocks mostly of the ilmenite-series (stages V-3, V-4 and P-3) also coexist here (Fig. 14b).
Volcanic rocks of various ages are best developed in this zone, and as noted previous
subsection, the nature of volcanism changed from the middle Cretaceous andesite of the
magnetite-series, through the late Cretaceous felsic ignimbrite of the ilmenite series, to
the Tertiary magnetite-series volcanic rocks.

V1. DiscussioNn

Major results of this study on the relationship between magnetic susceptibility and
petrological characters of Cretaceous to Neogene igneous rocks are summarized as follows:

1) Systematic variation in magnetic susceptibility is observed with age, geographic
location of the rocks, and geologic units.

2) When volcanic and plutonic rocks of the same cycle of activity are compared, their
magnetic susceptibility resemble each other.

3) The most prominent temporal change in magnetic susceptibility of igneous rocks
occurred between Cretaceous and Paleogene. Cretaceous igneous rocks are of both the
magnetite-series and the ilmenite-series, and the latter being predominant in volume,
while the Paleogene and Neogene igneous activities are characterized by only the
magnetite-series rocks.

4) The ilmenite-series rocks are developed throughout the studied area, whereas the
magnetite-series rocks are restricted to the Japan Sea side, overlapping over the area of
older ilmenite-series rocks.

Systematic temporal and spatial changes in the distribution of rocks of the two series
have been reported not only in the Japanese islands (KANAYA and IsHIHARA, 1973;
Haravama, 1979; Ismizawa, 1982) but also in other circum-Pacific regions, such as
eastern Asia continent (TakaHAsHI et al., 1980), Korea (IsHiHAra et al., 1981), Thailand
(IsuiaarA et al., 1980), Sierra Nevada (IsuiHARA, 1979b) and Chile (IsHiHARA and
ULRIKSEN, 1980). Therefore, the classification into the two series should bear an essential
significance in considering the tectonic and geological framework of the circum-Pacific
regions.

The variation of the magnetic susceptibility is believed to be controlled by the oxygen
fugacity of the igneous rocks. Namely, mineralogical evidences indicate that the oxygen
fugacity during crystallization of the magnetite-series rocks is generally higher than that
of the ilmenite-series rocks (TsusuE and IsHIHARA, 1974; SHiMAZAKI, 1976; MURAKAMI,
1977; Kanisawa, 1977).  As for the oxidation condition, the boundary between the two
series nearly corresponds to the fayalite-magnetite-quartz buffer line (NakaDA and SEeno,
1980; SENO, 1981 ; Wones, 1981). Thus the distribution of igneous rocks of the two series
should indicate the temporal and spatial variations of the oxygen fugacity.

The oxygen fugacity may be controlled at least by 1) difference in source material as
inffered from the initial 8Sr/%Sr ratio (SHIBATA and IsHiHARA, 1979b), 2) effect of
buffering agents such as water as oxidizing medium and crustal carbon as reducing agent
(e.g., MivasHIrO, 1964; CzAMANSKE and WONES, 1973; Honma, 1974; IsHIHARA, 1977),
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3) modes of magma emplacement and tectonic environments (e.g., SAsAKI and ISHIHARA,
1979; IsHiHARA, 1979b). In other words, the oxygen fugacity of a magma can be
either intrinsic to the source region, or developed during the history of the magma
(Wones, 1981).

Among these factors, the effects of buffering agents may depend on the tectonic envir-
onment and the mode of magma emplacement. Sasaki and IsmiHara (1979) and
IsuiHARA (1979b) proposed that the difference in the two series is due to the difference in
tectonic environment related to back-arc spreading in an island arc system; that is, inner
tensional tectonic environments permit the generation of the magnetite-series magma
without much crustal contamination, whereas a large-scale magma-crust interaction under
the outer compressional environments favor the generation of the ilmenite-series magma.

Base on available geologic informations, we also consider that the change of tectonic
environment related to the tectonic history of the Japan Sea is an important factor for the
cause of the variation of the magnetic susceptibility as described below. As is known
well, the analyses of dykes provide useful information on the past tectonic stress field, since
they tend to propagate in a direction parallel to the maximum compressive stress (e.g.,
Yokovama et al., 1976; NakAMURA et al., 1977). Studies on the regional dyke patterns
have revealed that the orientation of dykes changed from E-W, then to N-S, and back
to E-W again during the Cretaceous time (Yokovama and Hara, 1981). Dykes closely
associated with early Paleogene San-in granite batholiths and late Paleogene cauldrons
tend to be arranged in NW-SE and WNW-ESE directions, respectively (RESEARCH
GROUP FOR THE BATHOLITH IN THE SAN-IN ZONE, 1982; Masupa REesearcH Group, 1982;
Yokovama and Hara, 1981). These data indicate that the stress field changed at least
twice during the Cretaceous time and that the San-in area was under N-S extensional
stress field during the Paleogene time.

According to Ismizawa (1982), igneous rocks of Kashimayarigatake — Eboshidake
area, Central Japan changed from ilmenite-series (Cretaceous; E-W or NE-SW
structural trend) to magnetite-series (Paleogene; N-S structural trend, parallel to
the Itoigawa-Shizuoka Tectonic Line). This temporal change of two series is
quite similar to our results at San-in area. From these data, he inferred that the
Itoigawa-Shizuoka Tectonic Line could be traced its origin back to the early
Paleogene. Above data suggest that the tectonic environment was different between
Cretaceous and Paleogene in Central Japan, too, and that it must have been an
important controlling factor in determining the types of rock-series in time and space
there.

Next, what geological event is attributable to the change of regional tectonic
environment? Accumulation of marine geological and geophysical data led to the
suggestion that the most western Pacific marginal basins were created by crustal extension
associated with some unknown tectonic processes operating in an island-arc system
(Karig, 1970, 1971a). The Japan Sea is of no exception, and it is commonly believed
to have been created as a result of southward drift of the Japanese islands separated from
the Asian continent (e.g. MuraucH1, 1966, 1971; HurLEY et al.,, 1973; HiLpE and
WacGEMAN, 1973). Based on the comparison of geological units between the Japanese
islands and Korea Peninsula, Ichikawa (1972) considered that the opening of the Japan
Sea occurred between 60 and 20 Ma B.P.. Moreover, weighing various geological and
geophysical informations, Otsuki and Eniro (1979) concluded that the Japan Sea basins
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were formed between 50 or 60 and 30 Ma B.P. Although there seem several stages of
development of the Japan Sea basin, and the age of the opening of the Japan Sea is still
of much debate, it appears that its embryonic stage of opening could trace back to the
Paleogene.

Recently, several Paleogene cauldrons circumscribed by ring faults have been found
along the side of the Japan Sea in the western San-in district (Fig. 15; e.g., MURAKaMI,
1973; Masuba REesearcH Group, 1982). Many collapsed basins bounded by normal
fault are expected to occur at tensional environment. Indeed, the Basin and Range
physiographic province has been recognized as a site of Cenozoic crustal extension and
volcanism (e.g., HamiLTon, 1969; Cook, 1969; ScHoLz et al., 1971).

SEA OF JAPAN

. : el X017
Tamag Masuda  Hamada cauldron A - cauldron.
cauldron -
cauldrons 3
Haza
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Sakurae cauldron
Paleogene plutonic rocks
m " 0 10 20km
m Paleogene volcanic rocks ——

Fic. 15. Distribution of the Paleogene cauldrons at western San-in district, Southwest Japan.

These cauldrons are composed of the magnetite-series igneous rocks showing a linear
arrangement parallel to the coast line of the Japan Sea, spaced at about 20 km interval
(Imaoka and Murakami, 1979). Most interestingly, this arrangement of cauldrons is
nearly parallel to the lineation of magnetic anomalies in the Japan Sea described by
Yasur et al. (1967), Isezakr (1973, 1975), Isezakt and Uvepa (1973) and KoBavasur and
Isezak1 (1976), and to the possible spreading centers identified by Isezakr (1975). This
suggests that the Paleogene igneous activity in the San-in district took place in close
association with the formation of the Japan Sea under the tensional condition.

Taken together, we believe that the conspicuous change in the magnetic susceptibility
from Cretaceous to Paleogene is caused by a temporal change in stress field from com-
pressional to tensional and that spatial variation of magnetic susceptibility in Figs. 14a,
14b, 14c is related somehow to the stress gradient in the arc-back arc region as inferred by
Nakamura and Uvepa (1980). The Paleogene igneous activity which form cauldrons
presumably occurred in a back-arc extensional environment nearly contemporaneously
with the formation of the Japan Sea or a part of it. Several cycles of Paleogene igneous
activity from volcanism to plutonism and basic to felsic may imply that this tectonic activity
took place in several pulses as proposed by Karic (1971a, b) in the light of available data
on sedimentary structures and age of basement rocks in Tonga and the Mariana islands.
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Finally, if the essential relationship between the magnetic susceptibility and the tectonic
environment preliminarily suggested above is established firmly on a global scale by
future studies, it will be a very useful tool to infer temporal and spatial changes in tectonic
environment from the magnetic susceptibility of igneous rocks.
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